Until recent times there have been no techniques enabling the gastrointestinal physiologist to investigate in vivo the intracellular phase of fat absorption in man. With a hydraulic biopsy tube (2) , the sequence of morphological changes in the small bowel absorptive cell was described after giving fatty meals to normal subjects (3, 4) . However, there has been no thorough study of the composition of the lipids of human small bowel mucosa in the fasting state or during absorption. In the present study, multiple mucosal biopsies were obtained with a hydraulic biopsy tube (2) from the distal duodenum in man. Their lipid composition was determined by microanalytical techniques. A larger group of normal subjects and a smaller group of patients with idiopathic hyperlipemia were studied. The influence of certain dietary manipulations on intestinal absorptive cell lipids was also investigated.
Methods
Normal subjects. The 16 males and one female, aged 21 to 43 years, had no history suggestive of small bowel * Submitted for publication February 21, 1966 ; accepted June 15, 1966. This work has been supported by a research grant (NCI-4320) from the National Cancer Institute. A portion of the work was conducted through the clinical research facility of the University of Washington (National Institutes of Health, FR-37).
A portion of this work has been published previously in abstract form (1) . disease, and the small bowel biopsies were morphologically normal.
Specimens of jejunum, 4 to 8 cm in length, were obtained at laparotomy from three patients who had no evidence of small bowel disease. After being washed in buffered salt solution, the mucosa was separated from the underlying tissue with a glass slide.
Patients. The three patients with carbohydrate-induced hyperlipemia were characterized by the following criteria: hypertriglyceridemia that was maintained on a fat-free diet, normal levels of plasma lipoprotein lipase, impaired carbohydrate tolerance, and the presence of "hyperlipemic" particles in plasma on a fat-free diet (5) . 1 Dietary control. Seventeen normal subj ects were biopsied after an overnight fast without attempting prior dietary control (ad libitum diet). Three of these subjects were subsequently biopsied after 2 weeks of a formula diet containing 40% fat calories (20% from butter and 20%o from corn oil), 15% protein calories,2 and 45% carbohydrate calories. Each subject received sufficient calories from this 40% fat diet to maintain body weight.
In another experiment, fasting biopsies were taken from six normal subj ects and the three patients with hyperlipemia who had been on ad libitum diets. They were then given a fat-free formula diet containing 85% carbohydrate calories (as dextrose or maltose) and 15% protein calories for 2 weeks. After subjects had fasted overnight, a second series of biopsies was obtained.
Biopsy techniques. Under fluoroscopic control, the biopsy tube was passed to the ligament of Treitz. As it was withdrawn through the distal duodenum, 4 to 18 (mean, 9) biopsies were taken (2) . After recovery of a biopsy in buffered salt solution, it was blotted lightly on a paper towel, weighed to an accuracy of ± 0.05 mg, and placed in methanol.
In some experiments, corn oil (1.5 ml per kg body weight), mechanically emulsified in 2 vol of water, was infused through the biopsy tube into the first portion of the duodenum. With this technique, there were no uncertainties about gastric emptying, yet mixing of the corn oil with biliary and pancreatic secretions could oc- 1 We are indebted to Drs. Bierman, Porte, and O'Hara for providing us with these patients. 2 Meritene, Doyle Pharmaceutical Co., Minneapolis, Minn. 15t6 cur in the proximal duodenum. The biopsy tube was then advanced to the ligament of Treitz and a second series of biopsies obtained during its withdrawal.
Extraction and analysis of lipid. After grinding the biopsies in 5 ml of methanol in a manual glass homogenizer, we mixed in an equal volume of chloroform. The mixture was then transferred to a centrifuge tube and spun at 1,500 rpm for 10 minutes; the supernatant was removed by decanting. This method of extraction was repeated twice on the sediment, and the combined supernatants were evaporated to dryness in vacuo. The lipid residue was then dissolved in 24 ml of chloroform: methanol (2: 1, vol: vol) and 4.6 ml of 0.1 M KCl added. After the mixing, and cooling to 40 C, the mixture was returned to room temperature, whereupon a clean separation into two phases occurred. After the lower phase had been removed, the upper phase was washed with 10 ml of chloroform, and the combined lower phases were evaporated to dryness in vacuo. Total lipid weight was determined by evaporating the entire sample in a small (1-to 2-g) tared tube which was then dried in vacuo over silica gel for 2 hours; there was no further reduction in weight after drying over phosphorus pentoxide for 8 to 12 hours. The lipid was then dissolved in 1 to 2 ml of benzene from which portions were taken for further analysis.
When portions of a solution of pure cholesterol were placed in a tared tube, the solvent was removed, and the residue was dried over silica gel, the mean error [(observed weight -theoretical) * theoretical weight] was + 2.1 % for 16 samples of 2 to 5 mg.
The distribution of individual phospholipids was determined by paper chromatography (6) or by combined column and paper chromatography (7) .
Neutral lipids were separated into fractions of free cholesterol, free fatty acids (FFA), triglycerides (TG), and cholesterol esters by applying 0.8 to 2.0 mg of total lipids as a streak to a glass plate covered with a 0.25-mm layer of silica gel. We found that a mixture of silica gel H 3 and 10% (by weight) calcium sulfate4 (previously washed with chloroform, hexane, and diethyl ether) gave a uniform coating on the glass plates as well as low blanks in the microanalytical procedures. The silica gel H had been previously washed with methanol: chloroform: formic acid (2: 1: 1, vol: vol: vol), then methanol, and finally distilled water, and dried in an oven at 1000 C for 48 hours. The thin layer plates were activated at 1100 for 1 hour and stored in a dessicator over silica gel.
The plate was developed in n-hexane (redistilled): diethyl ether: acetic acid (90: 15: 1, vol: vol: vol), and the separated bands of lipids were identified by determining the position of authentic standard materials run in guide lanes at either side of the plate. The guide lanes were sprayed with a solution of 0.2 g of recrystallized 2',7'-dichlorofluorescein in 100 ml of redistilled 95% ethanol and scanned under ultraviolet light. The bands of cholesterol, TG, FFA, and cholesterol esters were scraped into small glass columns (6 mm i.d.) containing plugs of glass wool. TG, FFA, and cholesterol ester were eluted with methanol in diethyl ether (1: 9, vol: vol) , and the cholesterol band was eluted with chloroform. This was shown to yield quantitative recoveries when known amounts of pure cholesterol, TG, and FFA were applied to thin layer plates.
FFA was determined quantitatively as the copper salt in chloroform. Duncombe's method (8) was modified in that the sample of FFA was dissolved in 2 ml of chloroform. One ml of the copper reagent was added, and the absorbance at 400 mit of the copper palmitate in a 1-ml cuvette was measured in a Zeiss spectrophotometer. The mean and SD of the absorbance when six samples of 98 ug of palmitic acid were analyzed were 0.368 + 0.014. TG was measured by two methods. In earlier experiments the microequivalent of fatty acid ester was determined in a sample of total lipid by measuring its absorbance at 5.80 /, on a Perkin-Elmer infrared spectrophotometer and calculating from the absorbance of appropriate standards. We assumed that 20% of the phospholipids were plasmalogens and sphingomyelin, so that 80% of the phospholipids contributed as diacyl compounds to the measurement of total fatty acid ester. The small amount of cholesterol ester, and mono-and diglyceride was disregarded. The average molecular weight of mucosal TG was calculated from a separate analysis of TG fatty acids by gas chromatography. The milligrams of TG was then estimated by multiplying the nonphospholipid fatty acid ester (in microequivalents) by the average molecular weight of TG and dividing by 3.
In later experiments, TG, eluted from the thin layer plate, was dissolved in 0.2 ml chloroform. Two ml of 0.5 M KOH in absolute methanol [prepared according to Vogel's method (9)] was added and the mixture shaken intermittently over 20 minutes at room temperature. Two-tenths ml 6 N HCl, 2.0 ml chloroform, and 1.4 ml water were added successively with mixing. After it had been centrifuged at 1,500 rpm for 5 minutes, the chloroform phase was taken for analysis of the methyl esters of fatty acids. One ml of the upper phase was mixed with 0.5 ml of 0.2 N H2S04 in a glass tube and the methanol removed by heating in a boiling H20 bath. The glyceride glycerol was then determined by the chromotropic acid technique (10) .
The results obtained by these two methods were compared on three occasions. Three different samples of mucosal lipid were calculated to contain, from the infrared data, 19.6, 13.5, and 7.9%o of lipid weight as TG.
The corresponding values by measuring glyceride glycerol were 18.9, 13.6, and 5.3%o, respectively.
Cholesterol was measured by the method of Sperry and Webb (11) or the ferric chloride method (12) . The latter was modified so that the final volume of the reaction mixture was 1.0 ml and the absorbance read at 500 miu in a Zeiss spectrophotometer.
To assess the error of the analytical procedures, we separated 2.0-mg samples of mucosal lipid on six thin layer plates. The coefficient of variation of the FFA as per cent of total lipid weight was ± 117.1o; of cholesterol, ± 4.8%; and of TG, ± 8.0%o. The phospholipids, remaining at the origin of the neutral lipid plate, were transesterified in sulfuric acid, methanol, and benzene as described previously (7).
The cholesterol esters, eluted from the neutral lipid plate, were also transesterified by treatment with sulfuric acid, methanol, and benzene. Subsequently, the free cholesterol and fatty acid methyl esters were separated by thin layer silicic acid chromatography, and the isolated free cholesterol was measured by the ferric chloride technique. Only 0.7%o (mean of five groups of biopsies) of the total lipid weight was cholesterol ester, although there was evidence on the thin layer plate that a variable, but small, portion of the cholesterol ester had not been hydrolyzed.
Gas-liquid chromatography was performed on a 6-foot column (i.d., 5 The values given above for the lipid composition within the triglyceride and the phospholipid frac-of duodenal mucosa from normal fasting subjects tions of mucosa from normal fasting subjects are were similar to those found in lipid isolated from compared. The triglycerides contained more pal-jejunal mucosa, obtained at laparotomy from mitic (16: 0), palmitoleic (16: 1), and oleic acid three patients. ._4= ci subjects, seven to twelve mucosal biopsies were taken from each of three areas (the second portion of the duodenum, the ligament of Treitz, and between these two) and analyzed separately (Table  IV) 2 weeks of the formula diet. There were important differences between the distribution of fatty acids in the triglyceride and phospholipid fractions of mucosal lipid and the composition of the triglyceride fed for 2 weeks. These differences persisted in one subject even after 6 weeks of the 40%o fat diet. A similar experiment was conducted with the fat-free diet (Table VI) . In this instance there was no significant difference in the variances of the lipid components except that on the formula diet the variances of the lipid as per cent biopsy weight and the triglyceride as per cent lipid weight were reduced.
When the data in the latter experiment were analyzed by comparing each individual before and after the fat-free diet (Table VI) The lipid composition of the duodenal mucosa , of these fasting patients was similar to that of nor-. mal subjects also on ad libitum diets (Tables I and   -VIII) . (15) and the rat (16), lecithin is the predominant phospholipid in mucosa of human small intestine, although there seem to be differences among species in the distribution of the other phospholipid components.
The distribution of fatty acids in mucosal phospholipids and triglycerides obtained from subjects on an ad libitum diet (Table II) is similar to that reported for lower animals (17) and for lymph lipid in fasting humans (18, 19) . Oleic acid occurred in higher concentration in triglycerides than phospholipids, whereas stearic and linoleic acids were concentrated in the latter. Of the minor fatty acids, palmitoleic was found mainly in the triglycerides, but arachidonic occurred in the phospholipids.
The effect of a fat-free diet on the composition of tissue lipids has been studied extensively. Verdino, Blank, and Privett found an increase in palmitoleic and oleic with a decrease in linoleic acid in both the phospholipid and triglyceride fractions of thoracic duct lymph in fasting rats given a fat-free diet compared with rats fed a corn oil diet (20) . Similar changes were observed in human duodenal mucosa when a fat-free formula was substituted for the ad libitum diets, with the exception that the proportion of oleic acid in triglyceride fatty acids decreased (Table VI) . These mucosal fatty acids might have been formed within the absorptive cell or synthesized elsewhere and transported to the intestine. Synthesis of long chain fatty acids from a two carbon precursor, acetate-14C, has been shown to occur in rat small intestine in vitro, although phospholipid palmitic and stearic were the chief fatty acids formed (21) . The in vivo capacity of the human small intestine for synthesizing long chain fatty acids from nonlipid sources appears to be small, for, contrary to the increase in triglyceride fatty acids found in human plasma (22, 23) and in rodent liver (24) , mucosal triglycerides decreased when fat was removed from the diet (Table VI) . Supporting this contention are the results of the experiments in patients with hypertriglyceridemia, which is maintained or enhanced by a fat-free diet. If the intestinal mucosa of these patients were a site where long chain fatty acids were extensively synthesized from nonlipid sources, differences in the fatty acid composition of mucosal triglycerides from that of normal subjects might have been detected, and these abnormalities should have been exag- (Table VII) . This was particularly striking in the mucosal phospholipids, but even in the triglyceride fraction, where the influence of the corn oil fatty acids was apparent, endogenous fat contributed to triglyceride fatty acids. These results, at the level of the intestinal absorptive cell, are in accord with the recent data of Blomstrand, Guirtler, and Werner, who studied thoracic duct lymph during fat absorption in man (27 The variances of mucosal phospholipid and triglyceride fatty acids, obtained after an overnight fast from subjects on ad libitum diets, were not reduced by a fat-free formula diet for 2 weeks.
After 2 to 6 weeks of a formula diet containing 40% fat calories, there was considerable disparity between the composition of mucosal fatty acids and that of the dietary fat.
Mucosal biopsies were obtained before and 28 to 73 minutes after giving corn oil intraduodenally. There was an increase in mucosal triglycerides whose fatty acid composition changed towards that of the corn oil. However, the influence of endogenous fat on triglyceride fatty acids was still apparent and was especially striking on the mucosal phospholipid fatty acids.
2) The data obtained from normal subjects and patients with carbohydrate-induced hyperlipemia suggest that human intestinal mucosa does not synthesize excessive amounts of triglyceride fatty acids from nonlipid sources.
